Heat transfer during compression of air in a long, thin tube is studied by CFD. The tube represents one of the many in a honeycomb geometry inserted in a liquid piston air compressor to minimize temperature rise. A dimensionless number for the heat flow rate that includes the changing heat transfer area between the tube wall and air during compression is used. From the CFD results, alinear relation between the inverse of this dimensionless heat flow rate and the Stanton number is found. Using thisrelation, the transient volume-averaged temperature, and heat flow rate from the air can be well predicted by thermodynamic modeling.With the heat transfer model, a non-linear ODE is solved numerically todetermine the average temperature and pressure. The application of this study can be found in liquid piston air compressors for compressed air energy storage systems.
INTRODUCTION
Compressed Air Energy Storage (CAES) uses compressed air to store energy for later extraction.In compression, a smaller work input for the same pressure rise is needed when effective heat transfer from the air leads to less compression temperature rise. One way to enhance heat transfer and thermal storage is to insert solid materials into the compressor chamber. A studyhasshown that a partial insert of a porous medium into a traditional solid-piston compressor chamber improves efficiency [1] . A novel approach of compressing airemployed herein uses a liquid piston [2] - [4] .Cooling of the solid material is done by the liquid piston flow.As liquid can flow through the gaps of solid inserts, the liquid piston is able to compress air to ahigher pressure with the same temperature rise by using a porous medium insidemost of the chamber.
The current study focuses on heat transfer in a liquid piston compressor inserted with honeycomb geometry. A schematic cross-section of such a compressor is shown in Fig.1 (a) . The honeycomb geometry has many long, thin tube channels. The liquid flows into these channels and compresses air. Each tube channel has a length of 0.3m and a diameter of 0.0035m (the ratio of length to diameter is about 100).Since the tube geometry repeats, the problem can be simplified, by analyzing only one tube. A schematic of a 2-D computational domain for a single tube is shown in Fig. 1 (b) . The tube is capped at the top side, and the piston compresses the air from the bottom side at a constant piston velocity. All walls are kept at a constant temperature of 293K during compression. Initially, the air is at atmospheric pressure and 293K. The total compression time isless than 1s.
(a) Liquid piston compressor inserted with a honeycomb geometry(the valves at top are inactive in the current study) (b) 2-D computational domain of a single tube.
Fig. 1 Problem Schematic
One way to calculate heat transfer during compression is byusing a boundary layer assumption [5] - [7] . This solution matched well the experimental data in [5] - [7] because these experiments were conducted in piston cylinders of regular 2Copyright © 2012 by ASME engine size and geometry, where the flowsare turbulent and the thermal boundary layersare thin compared to the radius of the cylinder. In the current study, the flow is laminar due to the small diameter of the tube. A transient Reynolds number is estimated for the case with the largest piston velocity, based on the diameter, mean flow velocity, and transient mean flow density, and varies approximately from 130 to 1300 during compression. Thus, the temperature profileis not of aboundary layer flow. The computed results show that the flow does not follow that of a fully-developed laminar tube flow either.
In the current analysis, the Stanton number is chosen to relate the wall heat transfer to the stream-wise thermal energy advection.Another dimensionless numberthat reflects the instantaneous amount of heatexchangewith the closed system is needed. It is the instantaneous amount of heat flow rate scaled by a characteristic power term
This dimensionless number comes from non-dimensionalizing the first law of thermodynamics writtenfor aclosedsystem. The instantaneous volume, volume-averaged pressure and volume-averaged temperature are non-dimensionalized by their initial values. The time is non-dimensionalized by a characteristic time, ‫ݐ‬ , which is the length of the cylinder over the piston velocity (a constant in the current study). The advantage of using the Stanton number and the dimensionless heat flow rate number will be shown later when an empirical correlation of heat transfer is found.
CFD and RESULTS

CFD Method and Grid Independence
The two-dimensional continuity, momentum and energy equations are written in cylindrical coordinates (using ‫ݔ‬and ‫,ݎ‬ as shown by Fig.1 (b) ) and solved numerically using thecommercial CFD code ANSYS FLUENT. The governing equations are listedin Table 1 .Referring to Fig. 1 (b) , zero-velocity conditionsare applied on the side wall and top cap boundaries;the centerline has azero velocity gradient; the moving wall boundarythat represents the piston has a constant velocity in the positive x direction; the temperature gradient is zero on the centerline; the other three boundaries have constant temperature (293K) during compression.
In the computation, the transient formulation uses the 1 st order implicit method. Spatial derivative terms consistingdensity, velocity, and temperature are differenced using the 2 nd order upwind. The Pressure Implicit with Splitting Operators algorithm is used for pressure-velocity coupling. The Pressure Staggering Option scheme is used to solve the local pressure at each face center of the discretized cells. The gradient terms at the cell center are solved by the Green-Gauss Node-Based method.These are mature CFD methods that areapplied inANSYS FLUENT. The origins of these methodsare in [8] - [11] . In each time step, convergence is satisfied when the residual is smaller than 10 ି .
The movement of the piston in the CFD simulation is realized by a User Defined Function (UDF) that specifies the position of the moving boundary (piston) versus time. A layer collapse factor, ߙ of 0.2 is used and an ideal height,h ௗ , is specified to be a value slightly smaller than the average element size in the ‫ݔ‬ coordinate. As the computation marches from one time step to the next,a new position of the moving boundary is calculated from the function and the height of the layer of cells attached to the moving boundary is decreased.Whenever the height is smaller than ߙ h ௗ , the layer adjacent to the moving boundary is merged with the layer adjacent to it.
Table1. Governing Equations of Flow Continuity:
In the current study, the computational domain shown in Fig.1 (b) is discretized as 400 elements over the length and 20 elements over the radius. The element size in the radius direction is smaller near the wall and centerline and larger between the two.The ratio of the size of the largest element in the middle to the size of the smallest element on the boundary is 3. The average element size in the radial direction is 0.0000875m. The element size in the length direction is 0.00075m. The time step size is chosen to make ܷ In each run, the air is compressed to a pressure ratio of 10. These six cases, together with a case for a grid independence study,are listed in Table 2 . In the grid-independence study, the case with the highest ܷ ∆௧ ∆௫ value, case "Vel5,"is tested.The grid independence run is marked by "Vel5_i." Itsgrid size in each of the directions ishalf of the size used incase "Vel5."A ‫ݐ∆‬ for "Vel5_i"is chosen such that ܷ ∆௧ ∆௫ is the same in cases"Vel5" and "Vel5_i."
3Copyright © 2012 by ASME Fig.2 . The two curves in each figure are identical, showing grid independence. 
CFD Results
The volume-averaged pressure and temperature of the air in the six CFD runs versus time are calculated. They are shown in Fig. 3 (a), (b) . The temperature rise is fast in the very beginning of compression, and then slows. This is shown by an inflection in the temperature versus volume curve ( Fig. 3(b) ). Note that this characteristic cannot be perceived in the pressure versus volume curves. An initial attempt was made to develop a polytropic model based on the pressure versus volume data, as shown in Fig.3 
The temperature rise was then predicted using the calculated ݊ valuesfrom the pressure data.The issue in this method was that the fast rise of the temperature in the very beginning is not captured by this polytropic model. The area-averaged wall heat transfer coefficient is calculated based on the average wall heat flux and the volume-averaged temperature of the flow, as:
The magnitudes of the heat transfer coefficients for the six runs are shown in Fig.3 (c) . It is found that the heat transfer coefficient is very high in the beginning of compression. This is because the thermal boundary layer is very thin. The difference between the volume-averaged temperature and the wall temperature is very small in the beginning, however. This initial heat transfer coefficient is higher in cases in which the piston velocity is higher. Figure 3 shows that flow during compression has two main characteristics: a high rate of temperature rise, and a large wall heat transfer coefficient, both happening at the beginning of compression (note: the volume is decreasing so time runs to the left in these plots). These two characteristics make it difficult to obtain an accurate solution by applying an existing heat transfer correlation to the problem. To address this, we will use the dimensionless heat flow rate and Stanton number to model the heat transfer process of this problem.
The transient heat flow rate is calculated by multiplying the instantaneous wall area segments of the cylinder and their respective instantaneous heat flux, then integrating over the entire wall area and non-dimensionalizing according to Eq. (1). The dimensionless heat flow rate versus dimensionless volume is shown in Fig.4 (a) . At the start of compression, the heat flow rate increases almost vertically. The flow characteristic velocity used in the Stanton number is approximated by half the piston velocity, since at the piston end the flow velocity is the piston velocity and at the other end (top cap) the flow has zero axial velocity. The density in Eq. (4) is the instantaneous volume-averaged density.Next, the instantaneous Stanton number is compared to the dimensionless instantaneous heat flow rate. It is found that the relation ‫ݐܵ‬ versusܳ ‫כ‬ ିଵ is nearlylinear (Fig. 4(b) ). For each case, the data of ‫ݐܵ‬ vs. ܳ ‫כ‬ ିଵ are approximated by
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The coefficients, ܽ and ܾ , are calculated using a least-square fit. The fitted lines are plotted in Fig.4 . The calculatedvalues of these two coefficients are in Table 3 . 
THERMODYNAMIC MODEL AND SOLUTION
In this section, thermodynamic modeling of the problem is used. This leads to an ODE, which, together with the empirical heat transfer correlation (Eq.5), predicts the volume-averaged temperature rise of the air,and the instantaneous heat flow rate. Since the compression chamber's length-to-diameter ratio is about 100, the heat transfer on the top of the compressioncylinder, and the piston surface are neglected in this analysis. The equation for the first law of thermodynamics is written in terms of dimensionless variables,
Use the ideal gas law to substitute ܲ ‫כ‬ ,
and notice,
Equation (6) can be written as, By definition, the Stanton number can be written in terms of the dimensionless heat flow rate, ܳ ‫כ‬ , and the dimensionless temperature, ܶ ‫כ‬ ,
(10) From Eqns. (5) and (10), we arrive at a correlation between the dimensionless temperature and the dimensionless heat flow rate,
Assuming ࣽ ൌ ೡ to be a constant, we get,
For a constant piston velocity, ܷ ‫כ‬ ൌ 1. After combining Eqns. (12) and (9), an equation for the rate change of heat flow rate over volume is obtained,
where,
To solve Eqn. (13), an initial condition for ܳ ‫כ‬ at ܸ ‫כ‬ ൌ 1 is needed. Before the compression starts (whenܸ ‫כ‬ ൌ 1), there is no heat transfer between the air and the wall. However, as shown by Fig. 3 (c) , the heat transfer coefficient is very large, and, as shown by Fig.4 (a) , the rise of heat flow rate is almost vertical at the beginning.This generates a mathematical discontinuity for the function ܳ ‫כ‬ in the time domain. If ‫ݐ‬ ൌ 0 represents the instant when the compression starts, then this discontinuity indicates,
It can also be shown by Eqn. (14), that the rate of change of the heat flow rate approaches infinity if the heat flow rate approaches zero, 
CONCLUSIONS
Compression of air in a tube that simulates one of many tube channels in anair compressor for compressed air energy storage is analyzed. The heat flow rate increases rapidly at the beginning of the compression process. This is characterized by an inflection on the temperature vs. volume curve. An empirical correlation between the Stanton number and a dimensionless heat flow rate is found from the CFD solutions of six different runs. With this correlation, the temperature rise and the heat flow rate are well predicted by solving a simple thermodynamic model, an ODE. The rapid change in the transient process at the beginning of compression is well captured by the model. 
